We investigated the influence of shelterwood conditions on water relations and growth of loblolly pine (Pinus taeda L.) seedlings on two harsh sites in eastern Texas. Site I was harvested to provide four overstory density treatments (0, 2.3, 4.6 and 9.2 m 2 of residual basal area per ha). To quantify the effects of overstory competition, trenched and nontrenched subplots, each containing 25 one-year-old seedlings, were established within each overstory treatment plot, and predawn and midday water potentials (Ψ w ), seedling growth and survival were measured during the growing season. Leaf area and seedling biomass partitioning were measured at the end of the growing season. Site II was harvested to provide two overstory density treatments (0 and 6.9 m 2 ha −1
Introduction
The western edge of the natural range of loblolly pine (Pinus taeda. L.) occurs in eastern Texas where low annual precipitation and sporadic precipitation during the growing season can cause plant water stress. Survival of young plantations is often low in years with low precipitation if soils have low water storage capacities and summer precipitation is sparse. High air and soil surface temperatures in new clear-cuts also affect seedling survival (Helgerson 1990, Valigura and Messina 1994) .
A shelterwood regeneration method may ameliorate the harsh conditions sometimes created by clear-cutting (Childs 1985) . In contrast to clear-cuts, which are open to direct solar radiation (Lee 1978 , Holbo and Childs 1987 , much of the total site net radiation in a closed-canopy forest is lost in evapotranspiration or dissipated in the overstory canopy (McNaughton and Black 1973) . Shelterwoods alter vapor pressure deficits (VPD), irradiance (Valigura and Messina 1990) and soil water content (Holbo and Childs 1987) . Shelterwoods also enhance seedling water status (Childs and Flint 1987) . Even in the presence of competition from the overstory for soil water, the water status of underplanted seedlings may be improved (Dunlap and Helms 1983) . Shelterwoods may create a more favorable environment for survival, but with some reduction in growth (McDonald 1976, Dunlap and Helms 1983) . Loblolly pine seedlings are sensitive to irradiance and mild water stress (Cannell et al. 1978) , and survival is often poor on clear-cut sites. We tested the hypothesis that an overstory facilitates establishment of loblolly pine seedlings on harsh sites. Specifically, we determined the effects of a shelterwood overstory on predawn and midday water potentials (Ψ w ), stomatal conductance (g wv ), transpiration flux density (E) and growth of underplanted loblolly pine seedlings.
Materials and methods

Study sites and treatments
Two research sites (I and II) deemed difficult to regenerate were established in Cherokee County, Texas (31°41′ N, 95°15′ W). Both sites have a mean elevation of 98 m above sea level with slopes less than 2%. Annual precipitation in the area averages 114 cm and is distributed throughout the year except for occasional summer drought. The initial stand composition for Sites I and II was a loblolly (shortleaf) pine (Pinus echinata Mill.) type with an understory composed of mixed hardwoods. The sites were harvested such that dominant loblolly pines were favored as the residual trees. Both sites were broadcast burned before harvest to control vegetation. After harvesting, all hardwoods were injected with a picloram and 2,4-dichlorophenoxyacetic acid herbicide.
Site I was harvested to provide four overstory density treatments consisting of 0, 2.3, 4.6 and 9.2 m 2 of residual basal area per ha replicated five times in plots measuring 119 × 119 m (1.4 ha). All measurements were limited to the central 0.13-ha of each main plot. In two of the five replications, trenched and nontrenched subplots (4.5 × 4.5 m) were established within the central measurement plot to determine the competitive effects of the overstory trees on the water relations of the seedlings. Trenches 1-m deep were lined with polyethylene and backfilled. Each subplot was planted with 25 one-year-old, drought-hardy loblolly pine seedlings in January 1990, at a 0.75 × 0.75 m spacing. The seedlings originated from a Texas Forest Service tree improvement program for drought hardiness (van Buijtenen 1966) . All seedlings were treated with an ammonium soap-based deer repellent (''Hinder,'' Leffingwell Inc., Brea, California) soon after planting. Weeds were controlled by spray application of a 1% glyphosate solution to keep the subplots uniform and isolate the effects of the overstory.
Site II, located 2 km from Site I, had two randomly assigned treatments (a clear-cut and a shelterwood of 6.9 m 2 ha −1 residual basal area) on 152 × 152 m (2.3 ha) plots, as well as an adjacent 200-ha clear-cut. Site preparation was more intensive on the 200-ha clear-cut than in the 2.3-ha plots. The 2.3-ha plots were prepared as described for Site I, whereas the clearcut area was roller chopped and broadcast burned after harvesting. Five replications of each treatment were planted on the 2.3-ha plots in January 1990, at a 1.8 × 2.4 m spacing, with nursery-grown, one-year-old loblolly pine seedlings. The 200-ha clear-cut was planted at a spacing of 1.8 × 2.7 m. No attempt was made to control weeds on Site II after the loblolly pine seedlings were planted.
Water potential
Water potential measurements were conducted on both sites with a pressure chamber (PMS Instruments Co., Corvallis, Oregon) following standard techniques (Scholander et al. 1965 , Turner 1988 ). On Site I, predawn measurements were made approximately every 2 weeks (11 dates) on a fascicle from seedlings in the 0, 4.6 and 9.2 m 2 ha −1 residual basal area treatments. Measurements were made on one randomly selected seedling in each subplot of each residual basal area plot, i.e., four seedlings per basal area × trenching treatment. The same seedlings were sampled throughout the study unless they died or lacked sufficient suitable fascicles, in which case new seedlings were sampled. Midday measurements were made on 9 of 11 predawn measurement days. All midday measurements were limited to clear days and were begun at 1 h past solar noon when air temperatures were normally highest (Valigura and Messina 1990) . On Site II, Ψ w was measured approximately every 2 weeks from April 15 to October 3, 1990, because maximum seedling water stress was expected during this period. Measurements began before dawn and continued at 3-h intervals until approximately 1800 h. Six seedlings each were sampled from the shelterwood plots and the adjacent 200-ha clear-cut. Different seedlings were sampled on each sampling date because of the destructive nature of the leaf area measurements required for g wv and E calculations.
Stomatal conductance and transpiration
Measurements of g wv and E were made on 9 days with a whole-seedling porometer (Model CS-102, Micromet Systems Inc., Vancouver, B.C., Canada) designed for conifer seedlings (Livingston et al. 1984) . At Site II, six seedlings each were measured in the shelterwood plots and in the adjacent 200-ha clear-cut. The same seedlings could not be sampled throughout the entire study because of the destructive sampling technique used to measure leaf area. At the end of the sampling day, seedlings used for g wv and E measurements were clipped at ground line and transported to the laboratory for projected leaf area determinations (Johnson 1984) .
Porometer measurements were made concurrently with Ψ w measurements on the same six seedlings per treatment at Site II. Because of the common occurrence of dew, measurements began at approximately 0900 h and continued at the same 3-h interval until approximately 1800 h. The temperature and humidity sensors of the porometer were routinely checked against 40-gauge copper/constantan thermocouples and a Campbell Scientific Model 207 humidity probe located at the site. The porometer sensors correlated acceptably with the thermocouple and humidity probe. Independent humidity and temperature readings from a micrometeorological study at the site were used when possible to calculate VPD. Sensors were located at seedling crown height (30 cm aboveground). The mean g wv calculated by the porometer was corrected for leaf area and multiplied by the VPD to obtain E (Micromet Systems 1987).
Survival and biomass
All seedlings on Site I were measured for root collar diameter (RCD), height and survival at planting and at the end of the study. Shoot/root ratios (dry weight basis) were determined on 50 seedlings before planting. At the close of the study, three seedlings from each subplot were destructively sampled for dry weight and biomass allocation to stem, root and foliage. Root systems were carefully excavated to obtain as much of the fine root system as possible. Leaf area and specific leaf area (SLA) (Johnson 1984) were determined for all seedlings sampled for biomass.
On Site II, 0.04-ha circular subplots were established at the close of the study at the center of each main plot and at five random points in the adjacent 200-ha clear-cut. Within the subplots, all planted seedlings were tallied and their heights recorded. Survival was assessed on these plots. Leaf area and specific leaf area were calculated on all seedlings sampled for g wv and E.
Predawn water potential data on Site I were analyzed as a split-plot completely randomized design with basal area and session as main plot effects and trenching as the subplot effect. Growth data were averaged for each pair of trenched/nontrenched subplots before analysis as a split-plot design with basal area as the main plot factor and trenching as the subplot factor. The porometry and diurnal curve data on Site II were analyzed as a split-plot design with basal area and session as main plot factors and hour as the subplot factor.
Results and discussion
Water potential
At Site I, mean predawn and midday Ψ w increased with increasing basal area throughout the study (Table 1) . Predawn Ψ w was higher than Ψ w at midday for all sampling dates and treatments.
By August, predawn Ψ w values of −2.0 MPa were measured in individual seedlings on the clear-cut plot at Site I, whereas predawn Ψ w did not decrease below −1.2 MPa in seedlings beneath an overstory. In August and September, midday Ψ w values below −2.0 MPa (minimum −2.8 MPa) were recorded in seedlings on the clear-cut plot at Site I, indicating that the seedlings were drought stressed.
The presumed removal of overstory root competition from the subplots by trenching was expected to influence Ψ w where an overstory was present, but not in the clear-cut plots. Trenching did not raise the mean predawn or midday Ψ w in seedlings in either the 0 or the 4.6 m 2 ha −1 basal area treatment ( Figure 1) ; however, in the 9.2 m 2 ha −1 basal area treatment, seedlings in the trenched subplots had higher mean predawn and midday Ψ w values than seedlings in nontrenched plots, indicating a negative effect of overstory root competition in the highest overstory density treatment. Furthermore, both predawn and midday mean Ψ w values of seedlings in the nontrenched subplots in the 9.2 m 2 ha −1 basal area treatment were higher or equal to values obtained in the other treatments regardless of trenching, presumably a result of the less stressful environment under the heavy overstory. Both predawn and midday Ψ w appeared to be controlled more by the length of time since the most recent substantial rainfall than by the time of year. As observed in seedlings at Site I, there was no obvious trend in seedling Ψ w across sampling dates at Site II, except for a general decrease at the end of the growing season (Figure 2a) . Water potentials below −2.4 MPa were observed for individual seedlings in the clear-cut treatment during the afternoons in July, August and September. The lowest Ψ w measured in seedlings in the shelterwood was −1.8 MPa and occurred at midday on Day 276 (October 3). Daily mean water potentials of seedlings in the shelterwood were generally higher than those of seedlings in the clear-cut, indicating a less stressful environment in the shelterwood. Mean seedling Ψ w for the Table 1 . Effects of overstory basal area on mean predawn and midday water potentials of loblolly pine seedlings at Site I. Means within a column followed by different letters are significantly different at P = 0.0066 for predawn and P = 0.0001 for midday Ψ w (Duncan's multiple range test). entire study in both the clear-cut and shelterwood treatments was highest at predawn and lowest during the afternoon (Figure 3a) .
Stomatal conductance
Daily mean g wv decreased during the growing season, except for a marked increase on Day 264 (September 21) (Figure 2b) , which was probably caused by the 11 cm of rain recorded across 6 of the preceding 10 days. Stomatal conductance was lowest during August and early September when afternoon air temperatures approached 40 °C, VPD was near 5 kPa, and rainfall was sparse. August rainfall was only 2 cm, whereas there was 14 cm of rainfall in the second half of September. Seedlings in the shelterwood had a lower daily mean g wv than seedlings in the clear-cut, except early in the morning (Figure 2b) . Stomatal conductance of seedlings in both the clearcut and shelterwood treatments declined throughout the day on all sampling dates (Figure 3 ). Diurnal and seasonal trends of decreasing g wv have been observed previously in western conifers (Running 1976 , Childs and Flint 1987 , Livingston and Black 1987 ).
An inverse linear relationship has been observed between VPD and g wv (Hall et al. 1976 , Watts et al. 1976 , Osonubi and Davies 1980 . In our study, the relationship between VPD and g wv differed significantly (α = 0.05) between the clear-cut and shelterwood treatments (Figure 4b ). For a given VPD, g wv was higher in seedlings in the clear-cut than in the shelterwood indicating that stomata remained open on dry days in seedlings in the clear-cut treatment, whereas they closed in seedlings in the shelterwood treatment. Kaufmann (1976) attributed this effect to the influence of photosynthetic photon flux density (PPFD) on the stomatal response to humidity and postulated that stomatal closure in shade offers survival advantages, because CO 2 gain is low and water loss may be high. Similar responses have been noted for mature lodgepole pine (Pinus contorta Loud.) (Fetcher 1976 ) and Douglas-fir (Meinzer 1982) .
We postulate that an interaction between VPD and PPFD controlled stomatal response in our study, because PPFD was lower in the shelterwood than in the clear-cut throughout the year (Valigura and Messina 1994) . At 1500 h, the influence of VPD on E (Figure 4c ) was less than on g wv ; the regression relationships were significant only at the α = 0.10 level.
To illustrate the effects of environmental variables on g wv , we compared 2 days of contrasting climate: a partly cloudy day (Figures 5g and 5j) . The effect of air temperature on VPD was the most notable difference between the 2 days. Although the 24-h mean temperature for Day 136 (26.7 °C) was less than 4 °C lower than that for Day 241 (30.6 °C), the maximum temperatures reached were 32.4 °C on Day 136 and 42.8 °C on Day 241, resulting in a VPD on Day 241 (Figure 5i ) of more than twice that on Day 136 (Figure 5d ). Seedling Ψ w decreased diurnally on Days 136 and 241, but values were not substantially different between days or treatments (Figures 5a and 5f ). On both days, g wv decreased diurnally with higher values in seedlings in the clear-cut than in the shelterwood, although g wv was higher on Day 136 (Figure 5b ) than on Day 241 (Figure 5g ), perhaps because of the lower VPD on Day 136. The steeper morning decline in g wv on Day 241 than on Day 136 was likely a response to the more rapid rise in VPD. The lower g wv of seedlings in the shelterwood than in the clear-cut, despite lower VPD values in the shelterwood (Figure 5 ), was the result of lower irradiances in the shelterwood plots (Figures 5e and  5j) . The finding that Ψ w values were similar between the 2 days despite the large difference in g wv , provides further evidence that VPD had a large effect on g wv , possibly through an interaction with PPFD. It is known that VPD, irradiance and soil water content in a clear-cut differ from those in a shelterwood (Childs and Flint 1987 , Holbo and Childs 1987 , Valigura and Messina 1990 , but the direct effects of these and other interactive variables on g wv of seedlings in the field are difficult to test experimentally (Jarvis 1980 , Johnson and Ferrell 1983 , Teskey et al. 1986 ).
Transpiration
Mean E peaked in the afternoon (cf. Figure 3c with Figures 2b  and 2c) . Overall, E was greater in seedlings in the clear-cut than in the shelterwood, except at 0900 h, as a result of the higher irradiance, VPD and g wv in the clear-cut. At 1500 h, mean E increased with increasing g wv , but at a decreasing rate (Figure 4a ). The regression relationship between E and g wv did not differ between treatments. On Day 136 when g wv was high, E peaked when VPD was highest (Figures 5c and 5d ), but later in the study when g wv was low (e.g., Day 241), the diurnal changes in E did not follow those of VPD as closely because of strong stomatal control (cf. Figures 5h and 5i ). Fites and Teskey (1988) found that in loblolly pine, E corresponded with VPD, except at very high VPD values when E was reduced as a result of stomatal closure. Transpiration was lower in seedlings in the shelterwood than in the clear-cut because of reduced g wv caused by high VPD.
Seedling height and RCD growth
On Site I, there were no significant overstory or trenching effects on RCD (Figure 6a ) or height growth (Figure 6b ). Height growth differences may not become evident until the second growing season (Dunlap and Helms 1983) .
On Site II, height of seedlings in the clear-cut plots (32.2 cm) was less than in either the shelterwood plots (36.5 cm) or the 200-ha clear-cut (38.6 cm) (Table 2) . However, the results may be confounded because there was more herbaceous competition in the 2.3-ha clear-cut and shelterwood plots than in the 200-ha clear-cut, possibly a result of the more intensive site preparation in the large clear-cut (cf. Cain and Mann 1980, Zutter et al. 1986 ).
Foliage and biomass characteristics
Leaf area and dry weights of foliage, stems, roots and total seedlings on Site I exhibited the same trend as height and RCD measurements, i.e., values increased from the clear-cut through the intermediate basal areas and then decreased at the highest basal area (Table 3) . However, neither basal area nor trenching affected leaf area or any of the biomass variables. Shoot/root ratios were similar across treatments, except for seedlings in the clear-cut plots where values were lowest.
On Site II, mean seedling leaf areas for both treatments increased as the growing season progressed (Figure 7a ) and by Day 190 (July 9), leaf areas in the clear-cut were larger than those in the shelterwood. At the end of the experiment, leaf areas averaged 3202 cm 2 and 1462 cm 2 for seedlings in the clear-cut and shelterwood, respectively.
Specific leaf area of seedlings on Site II decreased with increasing foliage age (Figure 7b ), although significant differences (α = 0.05) between treatments did not occur until Day 165 (June 14). Afterward, SLA of seedlings in the clear-cut was significantly lower than that of seedlings in the shelterwood. Shelton and Switzer (1984) observed that in loblolly pine, current foliage had higher SLA values than older foliage, and that foliage from shaded lower crown positions had greater SLA than that of open-grown seedlings. Cole et al. (1968) suggested SLA might decrease with age because of increases in structural material. The finding that foliage of seedlings in the clear-cut had lower SLA values than foliage of seedlings in the shelterwood may reflect the presence of sun and shade leaves, respectively. Seedlings in both treatments originally had similar leaf morphological characteristics and must have adjusted to each particular treatment environment as the growing season progressed. Douglas-fir and western hemlock (Tsuga heterophylla Sarg.) needles exposed to full sunlight are heavier, and have a thicker palisade layer and less chlorophyll than needles developed in the shade (Lewandowska and Jarvis 1977, Tucker and Emmingham 1977) .
Seedling survival
On Site I, seedling survival was 88.5, 91.5 and 95.5% in the 2.3, 4.6 and 9.2 m 2 ha −1 basal area treatments, respectively (Figure 8 ). Although differences in seedling survival among shelterwood basal area treatments were not significant, seedlings in the clear-cut treatment had significantly (α = 0.05) lower survival than in the other treatments (51%). Most mortality occurred during July and August, and trenching did not affect survival. Our results are similar to those observed for Douglas-fir and ponderosa pine (Dunlap and Helms 1983, Childs and Flint 1987) . Mortality likely occurred because of an interaction between high soil surface temperatures and low soil water content. Valigura and Messina (1994) found soil surface temperatures in nearby clear-cuts occasionally exceeded 50 °C in September 1989. In many conifer species, temperatures in excess of 50 °C frequently result in mortality (Helgerson 1990) . Survival on Site II (Table 2 ) was lower than on Site I and did not vary among treatments. However, naturally established seedlings were observed in appreciable numbers on some shelterwood plots, and the tallest natural seedlings attained heights similar to those of planted seedlings by the end of the growing season. 
